Abstract-The empty substrate integrated waveguide (ESIW) technology is recently receiving special attention, since it preserves the many advantages of SIW circuits but provides an enhanced behavior due to avoidance of dielectric filling. Many circuits have been designed in the ESIW technology, including several filters with different performances. The next challenge is to achieve the maximum possible compactness degree for these circuits. In this paper, we present the design of a multilayer empty substrate integrated filter with the same performance as if it were manufactured in a single layer but significantly increasing its compactness and mechanical resistance.
I. INTRODUCTION

S
INCE 2014, several alternatives have arisen to reduce losses in devices based on substrate integrated waveguides (SIWs) [1] . Nowadays, the most promising alternatives are the ones that intend the reduction of those losses by eliminating the dielectric substrate. That can be achieved by emptying the waveguide and then enclosing it with two metallic covers, as it was suggested in [2] , by using empty SIW (ESIW), and later, during the same year, in [3] with the air-filled SIW (AFSIW) [4] .
These technologies keep the characteristics of SIW [1] regarding low cost, manufacture easiness, reduced size, and integration with other circuits within the same substrate. In addition, the behavior of these circuits (especially in terms of losses) is improved as the dielectric substrate is removed.
Since the proposition of the ESIW in [2] , different devices have been designed based on this technology; among them, there are filters with high quality factors, either inline [2] or folded [5] , couplers [6] , [7] , antennas [8] , and a thru-reflect-line calibration kit [9] . All of them have in common that the function is implemented using one single layer, although the device is formed by three layers.
Multilayer devices are commonly used in printed circuit boards (PCBs) for electronic equipment to reduce weight and volume. Multilayering is achieved by stacking two or more interconnected layers. The resulting structures are very compact and can be easily manufactured according to standard PCB procedures.
Several multilayer devices can also be found in the SIW technology. A good revision of them is stated in [10] , including filters [11] , [12] , couplers [13] , power dividers [14] - [17] , phase shifters [18] , or antenna arrays [19] . The main advantage of all of them is their high degree of compactness. In fact, the multilayer approach has already been applied to design an AFSIW-based compact multilayer filter, which can be found in [20] .
In the literature, other attempts to increase the Q-factor (but not necessarily compactness) can also be found using multilayered designs with air-filled cavities [21] , [22] , where Q-factor up to 3000 have been achieved in [22] . However, these designs, unlike PCB-based integration schemes, such as ESIW or AFSIW, require full 3-D mechanization of metallic pieces, so that their manufacturing costs are notably higher.
As it has been formerly stated, the features of ESIW devices are better due to the absence of dielectric. The necessity of compactness is a topic very interesting in the ESIW, given that the absence of dielectric permits a drastic increase of the quality factor of the devices, but their size is always greater than the size of equivalent SIW devices. Then, and having into account the advantages of multilayer devices, it will be of great interest the combination of a high degree of compactness with the good features of ESIW devices. Up to date, the only available ESIW multilayer designs are two transitions. The first of them allows the transition between two ESIW circuits in contiguous layers [23] . The second one permits transition among an arbitrary number of layers [24] . These transitions are fundamental for being able to design multilayer ESIW circuits, as they may interconnect the necessary layers in the circuits.
This paper proposes the design of a multilayer filter in the ESIW technology. Compactness is achieved by stacking the resonators, which are implemented in consecutive layers of the structure. In this way, the high quality factors of ESIW devices are maintained and, at the same time, an important compactness increase is reached.
This paper is structured as follows. In Section II, the filter structure is explained; Section III details the design procedure; Section IV includes the simulations carried out to validate the proposed topology and its related design procedure; Section V presents experimental results of a manufactured prototype; and, finally, Section VI presents the final conclusions.
II. FILTER STRUCTURE
A. Filter Elements
The equivalent circuit of the proposed multilayered filter can be seen in Fig. 1 . In this equivalent circuit, the resonators are characterized by their slope factor, and the coupling elements are characterized as ideal inverters. The coefficients of the ideal inverters have been computed taking into account the slope factors of the resonators, as indicated in [25] .
In this case, resonators are built through empty ESIW guides, so the filters will have high quality factors, given that this kind of integrated waveguides has very low losses. To achieve the desired compactness, so that the resonators could be grouped in a vertical stack, inverters are implemented with E-plane bends of 180°(U-bends), as Fig. 2 shows. There, b is the total height of the ESIW (a, the waveguide width, would be perpendicular to the plane of the figure), g r is the total height of the layer that separates two consecutive resonators within the stack, and w bend is the total length of the bend. w bend is the parameter that controls the inversion constant of the bend, or what is equivalent, the coupling between consecutive resonators.
Finally, Fig. 3 illustrates the cross section of a five-cavity filter like the one that will be employed later on (in Section V) for validation purposes. Given that structure of the filter, where the resonators are stacked up, the input and output ports are located at different levels. It should not be a problem if the aim is just the manufacture of a stand-alone filter, but it can be very problematic if it is expected the integration of such a compact filter topology in a complete system based on the ESIW technology. 
B. Interlevel Transition
A filter with the input and output ports at the same level can be achieved by using the multilayer transition of [24] that allows the interconnection of ESIWs separated an arbitrary number of levels. Fig. 4(a) shows a vertical cut of such multilayer transition, whereas Fig. 4(b) reveals the shape of a fifth-order filter where that transition is included in order to implement the output and input ports at the same level.
As it is stated in [24] , the multilayer transition has an excellent performance and does not affect the filter response. Consequently, the synthesis of the filter will always be referenced to the structure in Fig. 3 , with output and inputs ports located at different levels.
III. DESIGN METHOD
As mentioned in Section II, this filter can be analyzed as a classical configuration made up of the cascade connection of inverters and resonators. Therefore, the filter design process consists of two parts: the first one deals with the calculation of the length of the bends, i.e., w bend i , to obtain the inversion constants of the equivalent circuit ( Fig. 1) , whereas the second part must determine the proper length of the waveguides that implement the resonators, i.e., i , so that they also compensate the phase error introduced by the bends in comparison with the phase of an ideal inverter.
But first, in order to design the filter, it is necessary to calculate the value of the inversion constants. Assuming that all the resonators are identical, their values can be calculated applying the expressions that can be found in [25] . As mentioned at the beginning of Section II, the inversion constants depend on the slope parameter, X, of the filter resonators.
If the resonators of a given filter are implemented with uniform pieces of waveguide of length equal to λ g /2, then X = π/2. X = π for resonators of length λ g . However, although it would not appear to be the case, the resonators of the compact filter of this paper are not uniform pieces of waveguide. The inverters of the filter presented in this paper, i.e., the U-bends of Fig. 3 , are connected using straight pieces of waveguide, but these inverters, as it will be demonstrated in the following sections, present a nonnegligible length, in fact around λ g /4, so that they also contribute to the resonance. As a result, these composite resonators present a different slope factor. From simulations, it has been calculated that the reactance slope factor for these nonuniform resonators is approximately X = 2π/3, if a waveguide of length close to λ g /2 is used to connect consecutive inverters. In order to obtain the slope factor of the resonators, the response of a real resonator, enclosed by a pair of real inverters, has been compared with the response of an ideal resonator surrounded by ideal inverters. Then, the slope parameter of the ideal resonator has been optimized so that both responses match, as much as possible, around the design frequency.
A. Determining the Length of the Bends
In order to determine the length of the bends, the response of each bend will be compared and optimized against the response of its corresponding equivalent circuit, i.e., an ideal inverter.
Given an impedance inverter with normalized inversion constant K i , which is accessed through lines or waveguides of impedance normalized to unity, the amplitudes of the scattering parameters are
To obtain the length of the bend, the value of w bend i is optimized so that the modulus of S 21 (or S 11 ) could be as close as possible to its ideal value, given by (1). As this is a one-variable optimization process, it converges very fast and all tested algorithms give good results. A general purpose software for electromagnetic analysis can be used to analyze the considered bend (for instance, CST Studio Suite 2014 is the one used in this paper).
There is an important detail to consider in the response of this kind of inverter; for that, a specific bend will be analyzed to illustrate that characteristic. The bend is built up using substrates of h c = 0.813 mm height and met = 26.5 μm of metallization (addition of the original and galvanic metallizations). The thickness of the tin solder paste layer used to join the layers forming the bend is estimated in met tin = 5 μm. With these data: b = h c + 2met + 2met tin = 0.876 mm and g r = h c + 2met = 0.866 mm. Finally, a waveguide width of a = 15.7988 mm has been chosen for this bend; therefore, this ESIW will work in the Ku-band.
Fig . 5 shows the response of the inverter at 15 GHz for different values of the length of the bend. The normalized inversion coefficient for this bend has been represented, as well as the transmission coefficient of the bend (S 21 ). When this bend has an approximate length of 7.41 mm, the response has a transmission zero. That null is produced when the length of the bend is close to λ g /4 and, in such a case, the guides feeding the bend arrive at an open circuit, as the bend is simply a guide of height 2b + g r ended in a short circuit, as Fig. 2 shows. Besides, the response reveals another important characteristic. The required inversion constant can be achieved by two different values of length. The first solution is underneath the length that produces the transmission null, whereas the second one is above that length. If the first solution is taken in the design, the transmission zero will be achieved for higher electrical lengths of the inverters, that is, at frequencies below the design frequency and then below the passband. Regarding the second solution, the transmission zero will be achieved for lesser electrical lengths of the inverters, that is, above the passband. For instance, for the fifth-order filter of Fig. 4 , the first solution can be taken for inverters 1, 3, 4, and 6, and hence, a pair of double zeros are introduced (given the filter symmetry) at frequencies below the passband of the filter. If the second solution is adopted for inverters 2 and 5, a double zero will be placed above the passband. Therefore, this procedure gives a response much more selective than that given, for instance, if the first solution should always be chosen for all the inverters.
B. Determining the Lengths of the Resonators
The equivalent circuit of the bends, used for implementing the ideal filter inverters, can provide an input reflection coefficient with a phase of either 0 or π radians. Taking into account the geometry of the selected bends, which includes a shorted waveguide of length approximately equal to λ g /4 (see Fig. 2) , it results more appropriate to consider a value of 0°for the cited phase. Unfortunately, the phase of the input reflection coefficient in the reference plane of the bend, where it physically begins, is not exactly equal to the desired value of 0 radian. As a result, the lengths of the resonators must be slightly corrected to compensate this phase-loading effect caused by the practical implementation of the inverters. To determine that correction, each bend is fed at the input and output ports with a waveguide of length λ g /4. The bend is analyzed with a simulator (CST Studio Suite 2014 in this specific case) to obtain the phase of parameter S 11 , Ph(S 11 ), in the interval [0, 2π]. The objective is deriving the length of the input lines that makes possible that Ph(S 11 ) fits exactly π radians (0 radians on the plane just at the beginning of the bend)
where β is the phase constant of the guides feeding the bend. The previous length is calculated for all the bends, i . Once obtained those values, the lengths of the resonators are calculated as follows:
Although a pair of inverters are connected through a piece of waveguide of length approximately equal to λ g /2, a firstorder simple resonator is not obtained, because these inverters are themselves distributed components with lengths quite close to λ g /4, i.e., w bend ≈ λ g /4, and they indeed implement a part of the final resonators. As a result, this structure actually provides a second-order resonator of length λ g , given that it incorporates the additional length value of 2λ g /4 provided by the surrounding inverters.
To implement a filter with first-order resonators, the lengths should be equal to
Since i and i+1 are close to λ g /4, these lengths are very small (even negative). As a matter of fact, a filter realization with first-order resonators using this topology is not feasible, and this is the reason why resonators of length λ g (second-order resonators) have been used. As a consequence, the proposed filter will increase in volume and its compactness will be reduced, but higher quality factors will be achieved, since they can store a larger amount of energy.
Even so, if this filter is compared with a traditional inline configuration, a high degree of compactness is obtained. For instance, a fifth-order filter, according to this compact multilayer topology, presents an approximate length of λ g , whereas the equivalent inline filter with first-order resonators would have an approximate length of 2.5λ g (2.5 times longer). On the other hand, an inline filter with a similar quality factor than that of the compact filter, would have an approximate length of 5λ g (five times longer).
C. Complete Optimization
Once the initial dimensions of the considered filter are determined, a full wave simulation is performed in order to optimize all the involved design parameters (i.e., lengths of inverters and resonators) to obtain a final response as close as possible to that of the prototype. For this optimization, a Nelder Mead simplex algorithm is used. The goal of the optimization is to minimize the sum of the squared differences between the scattering parameters of the designed filter and the same parameters of the filter prototype. Specifically, the sum of the squared differences of S 21 parameters is calculated in two different intervals: from f c1 − f c F B to f c1 , and from f c2 to f c2 + f c F B , being f c the central frequency, f c1 and f c2 the cutoff frequencies, and F B the fractional bandwidth of the filter. The sum of the squared differences of S 11 parameters is just calculated from f c1 to f c2 . Finally, all these values are added to obtain the final value of the cost function to be minimized.
IV. APPLICATION OF THE DESIGN METHOD
Two Chebyshev filters, with different characteristics, have been designed to validate the design procedure stated in the Section III. Specifically, the following filters are considered: 1) fifth-order filter at 15 GHz with a fractional bandwidth of 3% and 0.01 dB ripple, built with Rogers 4003C of 0.813 mm, 26.5 μm of metallization (original plus galvanic) and soldering layers of 5 μm thickness; 2) seventh-order filter at 35 GHz with a fractional bandwidth of 4% and 0.1 dB ripple, built with Rogers 4003C of 0.305 mm, 26.5 μm of metallization (original plus galvanic) and soldering layers of 5 μm thickness. Initial and optimized values for the lengths of resonators and inverters are shown in Table I . Only the values for the first half of the two filters are included, since the two designed filters are physically symmetrical.
Figs. 6 and 7 show the ideal response of each one of the designed filters, but considering neither the multilayer transition, nor the microstrip-to-ESIW transition or possible losses, being the observed behavior excellent. Simulation results fully validate the design procedure stated in this paper, proving its high versatility for designing filters at different frequencies, on different substrates, with different orders and ripple levels.
As indicated in Section III, this filter has been built using resonators of length λ g . These longer resonators, as aforementioned, are able to provide better quality factors, since they can store a larger amount of energy. However, a longer resonator will produce closer undesired passbands. In Fig. 8 , it is shown the response (from 10 to 35 GHz) of the filter centered at 15 GHz. It can be seen that the first undesired passband begins at 20 GHz, which is outside the useful bandwidth of this waveguide. It can also be noticed an additional passband at lower frequencies (λ g /2 resonance), again outside the useful bandwidth of the guide. Then, it can be concluded that, although this kind of filters will exhibit one additional undesired passband, this main drawback is more than compensated by the main advantages of the proposed novel filter topology: high quality factors and high degree of compactness.
V. RESULTS
Once validated the design procedure, a fifth-order Chevyshev filter has been manufactured that works at 15 GHz, with a fractional bandwidth of 3% ( f c1 = 14.775 GHz and f c2 = 15.225 GHz) and 0.01 dB of ripple. For that, Rogers4003C substrate has been used, with 0.813 mm thickness, r = 3.55, 26.5 μm of metallization (original plus galvanic) and soldering layers of 5 μm thickness. Fig. 9 shows both, the manufactured filter and a vertical cut of it, where the final aspect of resonators and inverters can be seen, together with the used multilayer transition [24] .
The filter manufacture has been done layer by layer. The first layer is the bottom cover, the next corresponds to the input and output lines including the microstrip-to-ESIW transitions [which allow the connection between the filter and the vector network analyzer (VNA)-Anritsu MS4644] [26] , the third layer matches with the first resonator and the corresponding piece of the multilayer transition, and so on, until reaching the top cover that encloses the ESIW (see Fig. 9 ). All the layers have holes for the aligning screws, which are removed once the tin solder paste is dried.
Since the number of layers of this kind of filters is high, a yield analysis has been carried out in order to determine the degree of influence of undesired alignment errors in the filter performance. In order to develop this analysis, using the commercial software CST Studio Suite, it has been assumed that the different filter layers can show a random and independent shift along the main axis of the filter, following a normal distribution with zero mean and a standard deviation of 10 μm. In order to model the possible shift along the orthogonal dimension, a random displacement with the same characteristics has been considered. With these constraints, the yield analysis confirms that 97.28% of the manufactured filters will provide an acceptable performance, i.e., |S 21 | below −30 dB at 14.5 and 15.5 GHz, and above −0.3 dB from 14.775 to 15.225 GHz (the passband). For a standard deviation of 15 μm, 86.35% of the manufactured prototypes will match the aforementioned requirements. In the measuring step, the reference plane has been deembedded to the beginning of the microstrip-to-ESIW transition of [26] (see Fig. 10 ) using a custom calibration kit (see Fig. 11 ). Fig. 12 shows the comparison between the simulated and deembedded measured responses of the manufactured filter, which have been obtained with CST Studio Suite 2014 and an Anritsu MS4644A VNA, respectively. Therefore, both results include the behavior of the multilayer transition and the microstrip-to-ESIW transition that has been used to feed the ESIW device. There is good agreement between simulation and measurements. Insertion loss is 1.15 dB, and return loss is below 15 dB in the passband.
To calculate the unloaded quality factor of the filter from measurements, the following equation [27] has been used:
where C = 1 for a Chebyshev filter, and the coefficients of the lowpass filter prototype are g 1 = 0.7563, g 2 = 1.3049, g 3 = 1.5773, g 4 = g 2 , and g 5 = g 1 . N is 5 and F B is 3%. Finally, L A0 is the increase in losses at the central frequency, when compared with the ideal lossless filter (0 dB for this Chebyshev filter). In this case, L A0 = 0.85 dB, where losses of both microstrip-to-ESIW transitions (0.3 dB) have been discounted. With these data, the measured unloaded quality factor is 1338. Given that the losses of the transitions have been deduced from CST Studio Suite simulations, 0.3 dB is certainly an optimistic estimation for the combined insertion loss of the transitions, and, as a result, 1338 can be considered a lower bound for the actual quality factor of this filter. [20] - [22] In Table II , the characteristics of the filter presented in this paper are compared with other references available in the literature [20] - [22] . One of the most interesting parameters is the size of the filter. Since the frequencies of these designs are different from each other, the area of the filters has been scaled to obtain the size that the filters would show at 15 GHz. In addition, the length of the filters has been normalized by the number of resonators (filter order). The resulting values can be directly compared, and they show that the filter presented in this paper is a highly compact solution when compared with other recent references in the literature. Another important parameter is the quality factor of the filters (directly related to the insertion loss value). Since the quality factor of the filters are estimated from simulations in the references, the comparison must be done in terms of simulated quality factors. The quality factor of the presented filter, with a simulated insertion loss of 0.55 dB, is higher than the filter of [21] , but lower than the filter of [22] . Finally, the comparison in terms of insertion loss (not considering the feeding transitions as done in the analyzed references) allows to conclude that the filter presented in this paper shows the lowest level for such relevant parameter.
On the other hand, if the quality factor is compared with the values of similar single-layer filters in the ESIW [2] [Q = 1246 (11 GHz) and Q = 1358 (19.5 GHz)], manufactured with Rogers 4003C of 1.524 mm thickness, it is observed that they are very similar, although the quality factor of the singlelayer filter should be much higher, as it is manufactured with a thicker substrate. This is explained, because resonators of the multilayer filter are of length λ g and those of the single-layer filter are of length λ g /2.
VI. CONCLUSION
This paper presents a multilayer ESIW filter. The filter design is based on the traditional approach of concatenating resonators and inverters. In order to implement the filter inverters, E-plane bends of 180°have been used. This kind of inverters exhibits an interesting property. They allow the introduction of transmission zeros that can be located below and above the passband, which leads to a much more selective response.
Filters with different features have been simulated to validate the design procedure of this new kind of filters, achieving all of them a very good performance. Besides, a fifth-order filter at 15 GHz has been successfully manufactured and measured; its insertion loss is approximately 1.15 dB at the central frequency, and return loss is above 15 dB in all the passband. The quality factor of this filter is greater than for the same filter implemented in a single main layer, due to the fact that the resonators of the multilayer filter are of type λ g and the single-layer ones are of type λ g /2, obtaining then a measured quality factor higher than 1300 for the new proposed topology.
Furthermore, the compactness degree of this filter is 2.5 times of that of the equivalent inline filter with firstorder resonators, or 5 times if the same quality factor is to be achieved with the equivalent inline filter.
This novel topology allows filter compactness in the ESIW and sets the initial point for the design and manufacture of multilayer devices in the ESIW. 
